The rapid degradation of marine infrastructure at the low tide level due to 18 accelerated low water corrosion (ALWC) is a problem encountered worldwide. Despite 19 this, there is limited understanding of the microbial communities involved in this 20 process. We obtained samples of the orange-coloured tubercles commonly associated 21 with ALWC from two different types of steel sheet piling, located adjacent to each other 22 but with different levels of localised corrosion, at a seaside harbour. The microbial 23 communities from the outer and inner layers of the orange tubercles, and from adjacent 24 seawater, were studied by pure culture isolation and metabarcoding of the 16S rRNA 25 genes. A collection of 119 bacterial isolates was obtained from one orange tubercle 26 sample, using a range of media with anaerobic and aerobic conditions. The 27 metabarcoding results showed that sulfur and iron oxidisers were more abundant on the 28 outer section of the orange tubercles compared to the inner layers, where 29 Deltaproteobacteria (which includes many sulfate reducers) were more abundant. The 30 microbial communities varied significantly between the inner and outer layers of the 31 orange tubercles and also with the seawater, but overall did not differ significantly 32 between the two steel sheet types. Metallurgical analysis found differences in 33 composition, grain size, ferrite-pearlite ratio and the extent of inclusions present 34 between the two steel types investigated.
INTRODUCTION
To illustrate the distribution of microbial communities present in the different regions 154 of the orange tubercles as a function of steel type, the results obtained for individual 155 tubercles tested for the two steel types were averaged and plotted in Fig. 4B , together 156 with the seawater results for comparison. For this figure the Proteobacteria were 157 expanded to the class level, while the Unassigned and Others (here defined as phyla 158 detected at levels <0.5%) were removed from Fig. 4B . Alphaproteobacteria were more 159 dominant in the seawater (38.5%), with the relative proportions lower in the outer 160 tubercle layer and then further reducing in the inner layer closest to the steel (~10%).
161
Similar trends of reducing abundance from seawater through to the inner layer of the 162 tubercles were observed for the Actinobacteria, Bacterioidetes and Cyanobacteria. In 163 general, the outer layers of the tubercles had increased levels of Betaproteobacteria 164 and Zetaproteobacteria, while the inner layers tended to be dominated by 165 Deltaproteobacteria (~50%). Gammaproteobacteria showed slight changes in proportion 166 across the seawater and outer samples (~10%) with a decrease in the inner layers 167 (~2%).
168
The within-sample rarefaction (Alpha diversity), as determined by QIIME using the 169 OTU table, is shown as the basis of phylogenetic diversity whole tree and Shannon's 170 metrics, and plotted in Fig. S4A . The sequencing depth was considered to be good for 171 each sample as it reached the samples' richness. The rarefied OTU table was run by a 172 matrix of distances among all samples, which is illustrated in the principal coordinates 173 (Fig. S4B) . A comparison of the community compositions was performed with 1,000 174 permutations using the Bray-Curtis metric. Significant differences (R > 0.7, p < 0.05) 175 were shown by ANOSIM R-statistic in samples (i.e., inner, outer or seawater) and sources (i.e., pitting inner/outer, non-pitting inner/outer or seawater); but not significant 177 in terms of the type of steel on which the tubercles were located (i.e. pitting/old steel 178 type or non-pitting/new steel). 179 A heatmap produced at the microbial family level (including 77 microbial families) were present at greater levels on the new steel.
211
METAGENassist was used to provide the putative phenotypes of the microbes 212 identified by metabarcoding and a summary is presented in Fig. 6 . However, the 213 functions of the majority of microbes (~60%) from each sample were unknown. Overall 214 the six most dominant traits identified were sulfate reduction, ammonia oxidation, 215 dehalogenation, nitrite reduction, nitrogen fixation and sulfide oxidation. Generally 216 higher metabolic function percentages were in the pitting rather than in non-pitting 217 tubercles and more in the inner layers compared to outer layers for tubercles on both 218 steel types. Particularly sulfate reduction, was greater in the seawater and inner layers 219 than the outer layers of the tubercles, ammonia oxidation was lowest in non-pitting 220 tubercles and there was little difference in sulfide oxidisation among corrosion layers.
Across the samples, dehalogenation and nitrogen fixation were highest in the pitting 222 inner layer. (Table S2 ). For both the aerobic and anaerobic culturing conditions, a more 231 diverse bacterial population was able to be isolated from the outer layer and it also had in this study were within the ranges of those reported in a previous study examining the 246 water quality of region close to the area we studied (16). Others have proposed a link 247 between the concentration of dissolved inorganic nitrogen (DIN) present in seawater 248 and likelihood of ALWC (17). Our, albeit one off, measured DIN levels were quite low 249 (0.02 mg/L), which based on the aforementioned theory would suggest a reduced 250 likelihood of ALWC. However, we clearly observed pitting, which have directly 251 correlated with corrosion ( Fig. 3 ) underneath orange tubercles on the old steel type.
252
Steel microstructure. We found a clear difference in the extent of pitting (i.e. 253 localised corrosion) beneath orange tubercles for two different steel types that are 254 located adjacent to each other and installed at the same time. Given that we saw little 255 difference in the microbial communities present in the tubercles on the two different 256 steel types this suggests that something to do with the steel properties has possibly 257 influenced the corrosion process. Previous work has shown that banding of the steel 258 microstructure (18) and MnS inclusions (19) can be the cause of increased levels of 259 localised corrosion of steel. Banding and increased levels of inclusions were observed 260 for the old grade of steel which had increased corrosion. Another factor which may 261 potentially affect the likelihood of ALWC is the steel composition, although there are 262 differing reports on this (2, 15, 20) . While some differences were found in the 263 composition of the two steels investigated (e.g. increased levels of copper in the steel 264 without the pitting) they are relatively small, and the potential of copper alone to reduce 265 ALWC is not clear (20) . Given the number of variables in play, further work is required to determine which, if any, of these material properties are responsible for the increased 267 levels of corrosion in the old steel type. they could be primary colonisers in marine metallic corrosion settings. We did not 304 specifically explore algae, and our cyanobacteria were largely only in the seawater 305 sample. Our tubercles were likely mature biofilms (the steel was in place for ~7 years) 306 making initial colonisers unfeasible to comment on.
307
Several microbial phenotypic properties were suggested from the METAGENassist 308 analysis. Of particular note are aspects of sulfur (sulfate reduction and sulfide oxidation) 309 and nitrogen (nitrogen fixation, ammonium oxidation and nitrite reduction) cycling in 310 pitting and non-pitting samples from the inner and outer of the tubercles (Fig. 6) . The 311 seawater microbes were enriched for many of these phenotypes and often more so than the tubercle samplese.g. sulfate reduction and ammonium oxidation. Sulfur cycling, 313 especially the sulfate reduction component, is well known with respect to MIC and 314 indeed is frequently deemed a critical phenotype for this type of corrosion.
315
METAGENassist showed a trend for more sulfate reducers in inner regions of both 316 pitting and non-pitting tubercles compared to respective outer regions (Fig. 6 ). This Desulfobacula toluolica) (Fig. 5) . METAGENassist supports the hypothesis that sulfate 328 reduction is a potential microbial phenotype in the inner zones of our collected 329 tubercules. According to metabarcoding, our non-pitting inner samples had more sulfate 330 reducers compared to the pitting samples ( Fig. 5 ) but METAGENassist showed slightly 331 more sulfate reduction in pitting samples compared to non-pitting samples (Fig. 6) . As 332 such, in this work corrosion could not be directly correlated with putative sulfate 333 reducers as determined by both metabarcoding or METAGENassist. This finding is at odds with the general status in the ALWC/MIC field of a direct relationship between 335 sulfate reduction and corrosion, and therefore warrants more research to provide clarity. 336 The sulfur cycle could have involved the sulfur respirer Pelobacter 337 (Desulfuromonadaceae), which are of marine origin (28) and were found in all inner and 338 outer samples (Fig. 5) . The sulfur oxidisers Thioprofundum sp. (Gammaproteobacteria) 339 and Sulfurospirillum sp. (Epsilonproteobacteria) were largely in outer tubercle samples 340 compared to inner or seawater (Fig. 5 ). High sulfide oxidation was found in the seawater 341 according to METAGENassist (Fig. 6 ) but since we could not identify seawater bacteria 342 with this phenotype, this warrants further investigation.
343
The most abundant archaeon detected was the marine methanogen cultures were generally non-selective, but they varied in their nutrient (R2A is a low nutrient medium relative to the others) and salt levels (all but TSA + were prepared to 358 seawater salinity with RSS but TSA + has 0.5% NaCl). We used the seawater salinity 359 isolation media so that the broadest spectrum of marine organisms could be obtained.
360
The supplements to TSA, THA and MA were used to enhance the isolation of 361 anaerobes and, in particular, TSA + for sulfate reducers. This could have provided a 362 selective aspect since substantially less bacteria grew on MA + compared to MA. Our 363 specific use of TSA + as the medium to facilitate isolation of SRB was unsuccessful. isolate, Sphaerochaeta sp. is unique to our work, novel for corrosion environments and justified the use of THA + medium from which our Sphaerochaeta sp. was isolated. Most 381 Sphaerochaeta sp. are reported to come from freshwater or gut ecosystems but the 382 anaerobic, psychrophilic, marine Sphaerochaeta multiformis was sourced from 383 subseafloor sediments collected near Japan in the north-western Pacific Ocean (29).
384
However, the closest bacterium to our strain was S. pleomorpha (from freshwater 385 sediment) with 89.1% identity and S. multiformis was 87.1% identical. Thus, our 386 Sphaerochaeta sp. strain is likely a novel species. ALWC has yet to be determined. All other Bacteroidetes isolates were in the family 420 Flavobacteraceae, which have been reviewed as primary colonisers in MIC (9) and from 421 which isolates were reported from other MIC studies (13, 25) . 
422

MATERIALS AND METHODS
432
When the orange tubercles were removed, bright shiny pitted steel was observed 433 beneath the old steel type and samples acquired were called pitting 1 and pitting 2 434 (Figs. 3, S1-S3). The steel below the new steel type had no pitting (i.e. localised 435 corrosion) and a dark-black appearance and samples acquired from this region were 436 called non-pitting 1 and non-pitting 2 (Figs. 3, S1-S3). Each orange tubercle was 437 sampled in a manner that allowed separate specimens of the outer bright orange, thick 438 layer (called "outer") and inner black, thin layer (called "inner") to be obtained (Fig. 3) .
439
An ethanol-disinfected spoon (Fig. 3 ) was used to scrape the samples into 50 mL 440 polycarbonate tubes (Falcon™), which were then filled with seawater. All sample tubes 441 were kept on ice during transportation to the laboratory. Seawater adjacent to the sheet 442 piling was collected into a 20 L plastic container for microbial analysis. Orange tubercles 443 were observed on "in" and "out" pans of the U-pile sheets, with all samples in this work 444 taken from "in pan" areas.
445
At the laboratory, three aliquots of 500 mL of well-mixed seawater taken from the 446 field were filtered through a 0.22 μm mixed cellulose esters membrane (Merck Millipore) 447 using sterile techniques. The filter was stored at -80C prior to further testing. Tubercle 448 inner and outer samples were individually homogenised using a paddle mixer (Stomacher) at normal speed for 2 min. The final samples were aliquoted into sterile 15 450 mL sterile polycarbonate (Falcon™) tubes. One aliquot of each sample was kept at 4C 451 for DNA extraction undertaken on the following day. The remaining tubes were stored at 452 -80C.
453
Physico-chemical measurements were taken on site for temperature, pH (HI98185,
454
Hanna Instruments), conductivity (HI8733, Hanna Instruments) and dissolved oxygen 455 concentration (HI9146, Hanna Instruments). A range of other water quality parameters 456 were determined by a commercial environmental testing laboratory (Eurofins, 457 Melbourne).
458
Sheet piling. The steel U-pile sheets from two different sources were studied. One 459 was repurposed from a previous harbour structure, which was manufactured by 460 Australian Iron and Steel (Port Kembla) to an AIS 72 lb/ft standard and ~21 mm 461 thickness. The other, newer U-pile steel was AU25 (Grade 350) manufactured by 462 ArcelorMittal (Luxembourg) and is ~14 mm thickness. Samples of each steel type were 463 obtained by cutting ~100×150 cm sections from the top of the sheet pile, using an angle 464 grinder with a thin fibre disk to minimise heat generation (Fig. S1 ).
465
Sub-sections were cut from the steel sections using an abrasive water-jet machine 466 (OMAX-1515 MAXIEM, USA). Inductively coupled plasma atomic emission 467 spectroscopy was used to determine the chemical composition of the steels. Samples 468 cut with the long axis in the same direction as the rolling plane (Fig. S1) were used for 469 microstructural analysis. These samples were first manually ground using silicon 470 carbide papers (grit size 500 and 1200) then fine polished using a sequence 5, 3 and 1 471 μm diamond-based suspensions. Optical microscope images (BX61, Olympus, USA) were taken at a range of magnifications of various locations on the longitudinal plane 473 and rolling plane surfaces to determine the presence of inclusions. Quantification of the 474 inclusion content was determined using thresholding with ImageJ (42).
475
To observe the microstructure of the steels the polished metal coupons were etched
